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g>| ABSTRACT 

The driving engine of the Free Electron Laser in Hamburg (FLASH) is an L-band superconducting 
^ | accelerator. It is designed to operate in burst mode with 800 microsecond pulse duration at a repetition 
rate of 10 Hz. The maximum accelerated beam current during the macropulse is 9 mA. Our analysis 
shows that the FLASH technology has great potential since it is possible to construct a FLASH like 
free electron laser operating at the wavelength of 13.5 and 6.8 nanometer with an average power up 
to 2.6 kW. Such a source meets the physical requirements for the light source for the next generation 
q ! lithography. 
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: 1. INTRODUCTION 

: 

The roadmap for the development of the next generation lithography has been formulated by industry 
in the middle of the 1990s (seeP^I and references therein). A goal was to follow Moore's law in 
the reduction of a feature size by a factor of two in two years. 1 ^ During the last two decades the 
progress in the feature size reduction has been provided by reducing the wavelength of light sources 
(lasers) used. Now conventional lasers reached their limit. Immersion and photoresist technologies 
aiming for a feature size below the A/4 limit reached their boundaries as well. That is why it was 
decided to base the next generation lithography (NGL) on a completely new light source - a plasma 
source producing extreme ultraviolet light at the wavelength of 13.5 nm aiming for a feature size of 
20 nm. Microelectronic technology itself contains several challenging technologies inside such as 
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mask, reticle, resist, stepper, etc. Here we discuss only the problem of the light source. 15 years of 
development of light sources for the NGL allowed to make significant progress, and a 20 W source for 
a beta-level EUV scanner has been delivered to industry. 4 However, it is generally accepted that the 
problem of light source for high volume manufacturing (HVM) is not solved yet. 

Requirements for the source are not fixed but evolve with the evolution of all the other technologies 
involved. For instance, requirement for the average power (after intermediate focus (IF), in-band 
spectrum ±2% around 13.5 nm, etendue of the source output < 3 mm 2 -sr) has been increased nearly 
by an order of magnitude during the last ten years, and approaches two hundred Watts. 

During the last years we observed rapid progress in the development of VUV and x-ray free elec- 
tron lasers. The jump in the wavelength was about five orders of magnitude, from 12 /mi in 1997 down 
to 0.12 nm in 2009. 5 11 FLASH (Free Electron Laser in Hamburg) at DESY has produced unprece- 
dented powers of EUV radiation at wavelengths of 13.5 nm and 6.8 nm, target wavelengths for the 
next generation lithography (NGL)P^ Several schemes for a dedicated FEL-based radiation source 
for the NGL have been proposed during last years In this paper we describe the potential appli- 
cation for the NGL of an accelerator and FEL technology developed in the framework of the FLASH 
project at DESY. We show that this technology allows to construct a free electron laser operating at the 
wavelength of 13.5 nm and 6.8 nm with an average power of several kilowatts. This becomes possible 
due to two main factors. The first one is high average power (about 100 kW) in the electron beam of 
a superconducting accelerator. The second important factor is undulator tapering allowing significant 
increase of FEL efficiency above 2%. As a result, high average radiation power of about several kilo- 
watts can be generated. Additional application of the electron beam energy recovery would allow to 
increase the duty factor significantly such that the average radiation power will be in the multi-ten-kW 
range. 13 Spectral width of the radiation (below 2%) fits well to the requirements of the radiation source 
for the Next Generation Lithography. 

2. PRINCIPLE OF FEL OPERATION 

A free electron laser is a system consisting of a relativistic electron beam and a radiation field in- 
teracting with each other while they propagate through an undulator. 22 The undulator is a periodical 
magnetic structure forcing electrons to perform transverse oscillations. When an electron beam tra- 
verses an undulator, it emits radiation at the resonance wavelength A = (A w /27 2 )(1 + K 2 /2). Here, 
A w is the undulator period, mc 2 7 is the electron beam energy, K = eH w X w /2Trmc is the dimensionless 
undulator strength parameter, H w is the maximum on-axis magnetic field strength of the undulator, 7 
is the relativistic factor, c is the velocity of light, and (— e) and m are charge and mass of the electron, 
respectively. The electromagnetic wave is always faster than the electrons, and a resonant condition 
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occurs when the radiation slips a distance A relative to the electrons after one undulator period. The 
fields produced by the moving charges in one part of the undulator react on moving charges in another 
part of the undulator. Thus, we deal with tail-head instability leading to a growing concentration of 
particles wherever a small perturbation started to occur. More details on FEL physics can be found in 

refP 

FEL devices can be divided in two classes: amplifiers and oscillators. FELs based on oscillator 
principle are limited on the short-wavelength side to ultraviolet wavelengths primarily because of 
mirror limitations. Free electron lasing at wavelengths shorter than ultraviolet can be achieved with 
a single-pass, high-gain FEL amplifier. The FEL collective instability in the electron beam produces 
an exponential growth (along the undulator) of the modulation of the electron density on the scale 
of undulator radiation wavelength. Power gain in excess 10 7 — 10 8 may be obtained in the short 
wavelength range. Conversion efficiency of the kinetic energy of electrons to the VUV or soft x-ray 
radiation can be rather high, up to a few per cent. Average power of the electron beam can be high as 
well, of the order of a hundred kilowatts. As a results, it becomes possible to generate high average 
power of the radiation at the level of a few kilowatts. Modern accelerator technologies provide high 
efficiency of the conversion of the net electric power to the electron beam (of about 10 per cent), 
thus allowing to obtain net efficiency of FEL on the level of a fraction of per mille. As we already 
mentioned application of the electron beam recovery may significantly increase the net efficiency. 

3. KEY ELEMENTS OF THE FLASH/TESLA TECHNOLOGY 

An FEL amplifier starting from the shot noise in the electron beam is a device in which the electron 
beam produces powerful radiation during single pass through an undulatorj^ESl This type of devices is 
frequently referred as Self Amplified Spontaneous Emission FEL (SASE FEL) .^Efficient operation 
of SASE FELs is possible with thorough design of all systems involved. Here we describe the main 
systems related to the FLASH/TESLA technology. 

The TESLA project (TeV Energy Linear Accelerator) has been developed by an international 
TESLA collaboration since the beginning of the 1990s. More than 50 institutions from 12 coun- 
tries were involved in the development of superconducting accelerator technology for a high energy 
electron-positron linear collider and for a driver-linac for an X-ray free electron laser (XFEL).^E^ 
Later the TESLA Collaboration has been transformed into the TESLA Technology Collaboration 
(TTC) aiming at technical development for superconducting accelerators, and gave birth to two FEL 
projects at DESY: FLASH FLASH and the European XFELpS 
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3.1 Main accelerator 

All FLASH/TESLA type accelerators are based on superconducting accelerator modules. Each mod- 
ule contains eight superconducting sections. Each section is approximately 1 meter long and operates 
at a resonance frequency of 1.3 GHz. The accelerating sections are cooled by liquid helium with tem- 
perature of 2 K. The accelerating gradient may be different for different sections, and may approach 40 
MV/m for the best quality sections. The spread of accelerating gradients is defined by the production 
technology chain available, and there is clear tendency for improving the qualityP^ Project value 
for average gradient in the accelerating module for the European XFEL is 24.3 MV/mP Dedicated 
technological studies are on the way aiming at achieving an average accelerating gradient in excess 
of 35 MV/m. 33 These developments are performed in the framework of International Linear Collider 
(ILC) project. 

Up to four accelerating modules are powered by one rf station consisting of klystron and modula- 
toj-ESES Average and peak power of the klystron are 150 kW and 10 MW, respectively. The accelerator 
operates in the burst mode. For the FLASH project macropulse repetition rate is 10 Hz, macropulse 
duration is 1 ms, average beam load within macropulse may reach 10 mA. The total rf pulse length for 
the European XFEL is 1.37 ms, of which 0.72 ms are required for filling the cavity with rf power, and 
0.65 ms for electron beam acceleration. Macropulse repetition rate may be increased for the price of 
macropulse length reduction. Since the filling time remains the same, higher efficiency of the acceler- 
ator is achieved at a reduced repetition rate. 

3.2 Laser driven rf gun 

The electron beam is produced in a laser driven RF gun. 35 While the linear accelerator is supercon- 
ducting, the RF gun operates at room temperature. An important figure of merit for the beam quality 
is the transverse phase space of the electron beam or emittance e (it is just the product of the beam 
size by the angle spread) which should not be much larger than radiation wavelength. The physical 
parameters related to the quality of the injector is the normalized emittance, e n = 67. Current values 
of the normalized emittance achieved in the rf guns produced for FLASH and European XFEL are in 
the range 0.4 - 1 mm-mrad depending on the bunch charge.^ These values are sufficient for effective 
generation of x-ray generation. 

3.3 Beam formation system 

Effective operation of the VUV/x-ray FEL amplifier requires a high value of the peak beam current 
of about a few thousand Ampers. The typical value of the peak beam current in the rf gun is about a 
few tens of Ampers. The required value of the peak beam current is achieved in the beam formation 



4 



system. During initial stage of amplification the electron bunch is accelerated in an off-crest rf phase 
and gains energy chirp such that particles in the head of the bunch have less energy. This leads to the 
compression of the bunch when the electron beam passes through the bunch compressor - a dispersive 
element providing different path lengths for particles with different energy. Additional installation of 
rf sections operating at a multiple frequency improves the quality of compressed bunches. Auxiliary 
sections operating at a frequency of 3.9 MHz are used in FLASH and European XFEL. 37 Two and 
three bunch compressor stages are implemented in the FLASH and EXFEL accelerators providing 
peak currents up to 2.5 kA and 5 kA, respectively piEU 

3.4 Undulators 

Undulators are widely used as insertion devices at synchrotron radiation facilities around the world. 
The most popular undulators are designed using permanent magnet technology pESI This technology 
reached mature level and allows to build undulators with high quality of magnetic field required for 
FEL applications: relative field errors below per mille level and trajectory errors on a few micron 
level EUD Different field geometries (planar or helical) can be realized providing the possibility to 
generate radiation with required polarization properties (linear or circular). Currently the length of 
undulator systems at the FEL facilities constitute tens of meters, and exceeds hundred meters for 
future projects (see Tabled])- 

Table 1. Undulators for VUV/x-ray FELfPMMHa 





Units 


FLASH 


LEUTL 


LCLS 


FERMI 


EXFEL 












FEL-2 


SASE1 


Period length 


mm 


27.3 


33 


32 


50 


40 


Peak magnetic field 


T 


0.82 


1 


1.25 


0.85 


1.1 


Total length 


m 


27 


21.6 


112 


14.4 


175 


Number of modules 


# 


6 


9 


33 


6 


35 


Length of one module 


m 


4.5 


2.4 


3.4 


2.8 


5 



4. FLASH FACILITY 

The FLASH facility is driven by a superconducting linear accelerator and operates on the DESY 
sitePlS' a j m Q f t ^j s p ro j ec t is to serve as a user facility, and gain experience for the XFEL project 
realization.^ The project FLASH started as relatively small test facility accelerator with an energy of 
240 MeV passed several upgrades. Currently it consists of 1.2 GeV accelerator and free electron laser 
operating in the wavelength range from 4.2 nm up to 47 nm.™ It produces an ultimate peak power 
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Figure 1. Schematic layout of the FLASH facilityP Abbreviations ACC1-ACC7, ACC39, and BC stand for 
accelerating module 1.3 GHz, accelerating module 3.9 GHz, and bunch compressor, respectively. Total length 
of the machine is 250 meters. 

on a few GW level, and peak brilliance exceeding by eight orders of magnitude those values obtained 
from the third generation synchrotron radiation sources. The FLASH facility is equipped with five 
beam lines for user experiments.^ 

A schematic layout of the FLASH facility is shown in Fig. [TJ The electron beam is produced in a 
radio frequency gun and brought up to an energy of up to 1200 MeV by seven accelerating modules 
ACC1 to ACC7 operating at a frequency of 1.3 GHz. At intermediate energies of 150 and 450 MeV 
the electron bunches are compressed in the bunch compressors BC1 and BC2. The electron beam 
formation system is based on the use of linearized longitudinal compression realized with the help of 
an accelerating module operating at a frequency of 3.9 GHz. After the bunch compressor BC2, the 
electron beam is accelerated to the target energy (450 to 1200 MeV), and produces powerful coherent 
radiation during a single pass through the long undulator (planar, hybrid, 12 mm fixed gap, magnetic 
length 27 m, period 27.3 mm, peak magnetic field 0.48 T). 

All subsystems of the superconducting linear accelerator have been optimized for the burst mode 
of operation with a macropulse repetition rate of 10 Hz, fiat-top macropulse duration of 800 /is, and 
maximum beam loading 9 mA within the macropulse. With these parameters the average power in the 
electron beam is equal to 86 kW at the energy of 1 .2 GeV High power in the electron beam is the main 
basis for the generation of high EUV radiation power. 

Since 2005 FLASH operates as a user facility with high duty factor during user runs: 7 days per 
week and 24 hours per dayP"^ One maintenance shift per week is foreseen for technical service 
and hardware developments when it is necessary. The operation schedule includes also dedicated runs 
for technical developments of accelerator and FEL subsystems. One of the tasks which is supported 
by the program of International Linear Collider is demonstration of reliable operation of the FLASH 
accelerator with 9 mA beam loading. There is definite progress on this way, and now we can state 
that this is technically possible. 44 The next step under discussion is to demonstrate lasing at full beam 
loading. Currently maximum average radiation power has been demonstrated during user runs with 
small beam load. Macropulse repetition rate was 10 Hz, single-pulse energy was up to 0.2 - 0.3 mJ, the 
number of pulses per train was up to 100 which corresponds to an average radiation power about 0.2 
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- 0.3 Watt. At the moment we do not see severe obstacles preventing lasing of full train at full beam 
load. However, our observation is that the high beam load program will benefit a lot with construction 
of a dedicated test facility. With FLASH being a user facility with only a small fraction of scientific 
applications requesting ultimate level of radiation power, the investigation of full power capabilities of 
the FLASH/TESLA technology is unfortunately limited. 

5. EUROPEAN X-RAY FREE ELECTRON LASER 

The internationally organized European X-ray free electron laser (XFEL) is under construction in 
Hamburg. 29 The construction of the linac is a common effort of many institutes sharing the respon- 
sibility for this superconducting linac. The overall coordination is with DESY chairing the XFEL 
Accelerator Consortium. 32 Main contributions come from CEA Saclay/IRFU, France; CNRS LAL, 
Orsay, France; DESY, Germany; INFN Milano, Italy; Soltan Institute, Poland; CIEMAT, Spain. The 
project is the first large scale application of the TESLA technology developed over the last 15 years. 
Superconducting accelerating cavities will be used to accelerate the electron beam to an energy of up to 
17.5 GeV. In a start-up scenario European XFEL will be equipped with three undulator beamlines with 
total magnetic length of undulators about 450 meters. The facility will cover continuosly wavelength 
ranges from 0.05 nm to 60 nm. 

The accelerator will consist of 100 accelerating modules, i.e. 800 superconducting accelerating 
structures, operating at a gradient of 24.3 MV/m. A total of 25 RF stations will supply the necessary 
RF power of typically 5.2 MW per four modules. Construction work along the 3.4 km European 
XFEL facility started early 2009. Start of the accelerator commissioning is scheduled for 2015. It is 
important to notice the high level of industrialization of the main components of the accelerator for 
the European XFEL involving such companies as Thales, Toshiba, CPI, Research Instruments and E. 
Zanon.E^l 

6. DEDICATED FEL SOURCE FOR NGL 

In this section we demonstrate the potential of the FLASH/TESLA tecnology for generation of high av- 
erage power radiation. First proposals of such kind appeared at an early stage of FLASH/TESLA tech- 
nology development ! 13 * 45 * 4 -^ Presently this technology reached mature level, and many of the project 
goals and milestones have been achieved. Moreover, a large scale facility, namely European XFEL, 
is under construction which is totally based on FLASH/TESLA technology. Nearly all components 
for this facility are produced by industrial companies, and the next turn is payback of FLASH/TESLA 
technology to edge technological areas like the Next Generation Lithography. In the present feasibility 
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study we do not deviate much from the project numbers for components used in the FLASH and Euro- 
pean XFEL projects. The only principal extension is application of undulator tapering to increase FEL 
efficiency 47 which already has been used in early proposals of high average power FELs for industrial 
applications. 45 46 Recently principle of undulator tapering has been demonstrated experimentally 

We assume operation of the linac in the burst mode with macropulse repetition rate of 10 Hz. 
Macropulse duration is equal to 1 ms. Bunches with a charge of 1 nC are separated by time interval of 
100 ns (10 MHz repetition rate) which corresponds to 10 mA beam load within the macropulse. With 
these parameters average power in the electron beam is equal to 100 kW at the energy of electrons of 
1 GeV. 

Table 2. Parameters of FL AS H-NGL radiation source operating at 13.5 nm 
FLASH NGL-680 NGL-1250 NGL-2500 



Electron energy, MeV 


680 


680 


1250 


2500 


Bunch charge, nC 


1 


1 


1 


1 


Peak current, A 


2500 


2500 


2500 


2500 


Normalized emittance, mm-mrad 


1.5 


1.5 


1.5 


1.5 


rms energy spread, MeV 


0.5 


0.5 


0.5 


0.5 


Macropulse duration, ms 


0.8 


0.8 


0.8 


0.8 


Micropulse rep. rate, MHz 


9 


10 


10 


10 


# pulses in macropulse 


7200 


8000 


8000 


8000 


Macropulse rep. rate, Hz 


10 


10 


10 


10 


Undulator period, cm 


2.73 


2.73 


3.7 


5.0 


Undulator length, m 


27 


30 


30 


30 


Radiation wavelength, nm 


13.5 


13.5 


13.5 


13.5 


FWHM spectrum bandwidth, % 


0.7 


0.7 


0.7 


0.7 


Energy in the radiation pulse, mJ 


1.4 


8.5 


22 


33 


Peak power, GW 


5.6 


34 


88 


130 


FWHM pulse duration, fs 


250 


250 


250 


250 


FWHM spot size, mm 


0.17 


0.3 


0.2 


0.1 


FWHM angular divergence, /irad 


30 


48 


54 


64 


Average radiation power, W 


100 


680 


1760 


2640 
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Figure 2. Energy in the radiation pulse versus undulator length. Curves 1, 2, and 3 correspond to the energy of 
the driving electron beam 680, 1250, and 2500 MeV, respectively. Radiation wavelength is 13.5 nm. Parameters 
of the electron beam and FEL are given in Table |2j 
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Figure 3. Average power of FEL based source for NGL as a function of the electron beam energy. Dashed 
curve present FEL power in saturation, and solid curve is FEL power at the undulator length of 30 m with 
optimum tapering of the undulator parameters. Reference parameter sets for energy 680, 1250, and 2500 MeV 
are presented in Table [2] 

6.1 Operation at the wavelength of 13.5 nm 

We consider SASE FEL (single-pass FEL amplifier starting from shot noise in the electron beam) 
operation. In the following we optimize the SASE FEL operation at the wavelength of 13.5 nm. 
We assume parameters of the electron beam as given in Tabled This parameter set is compiled on 
the base of our experimental experience from FLASH . At an appropriate optimization of the beam 
formation system we can expect the value of the normalized emittance below 1 mm-mrad. However, 
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Figure 4. Temporal (left) and spectral (right) structure of the radiation pulse. FEL parameters correspond to 
NGL-1250 option compiled in Table [2] 




Figure 5. Distribution of the radiation intensity in the near and far zone (left and right plot, respectively). FEL 
parameters correspond to NGL-1250 option compiled in Table|2] 

a conservative value of normalized emittance of 1 .5 mm-mrad is sufficient for effective operation of 
a 13.5 nm FEL, and we use this number as baseline parameter in this section. We optimize the FEL 
parameters by varying the energy of the driving electron beam between 625 Mev and 2500 MeV. 

The undulator is assumed to be hybrid planar with variable gap. General feature is that shorter gain 
length is achieved at a shorter undulator period and at smaller undulator gap. In the case under study 
we deal with high power electron and photon beams, and the matter of concern is to provide sufficient 
aperture for the transport of both beams. We set the limit on the minimum undulator gap to 1 .2 cm like 
in the FLASH project. We assume the length of the undulator segments to be 200 cm, total magnetic 
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Figure 6. Energy in the radiation pulse versus undulator length. Curves 1 and 2 refer to the case of an electron 
energy of 1250 Mev and normalized emittance 1.5 mm-mrad and 1 mm-mrad, respectively Curves 3 and 4 
refer to the case of an electron energy of 2500 Mev and normalized emittance 1.5 mm-mrad and 1 mm-mrad, 
respectively. Radiation wavelength is 6.8 nm. Parameters of the electron beam and the FEL are given in Table 
® 

length of the undulator is 30 meters, and focusing beta function is equal to 200 cm. Calculations are 
performed with the time-dependent simulation code FASTp3 

Results of the simulations are shown in Fig. [21 We obtain that within the given parameter space 
undulator tapering is a very powerful tool for increasing the FEL efficiency, roughly by about a factor 
of five with respect to the saturation efficiency. The results obtained are very impressive: for a chosen 
electron energy of 2500 MeV, the average radiation power exceeds 2.5 kW (see Fig. [3]). At a reduced 
electron energy (1250 MeV) we obtain an average radiation power of 1.7 kW. The FEL efficiency is 
about 1.8% in this case. In conclusion we present the main characteristics of the radiation pulse in 
Figs. S] and [5J temporal and spectral properties, intensity distribution at the undulator exit, and angular 
distribution in the far zone. Note that phase volume of the radiation is nearly diffraction limited, 
i.e. about radiation wavelength. Spectrum width is also small, and all radiation power goes within 
"in-band" requirements for the NGL radiation source. 

6.2 Operation at the wavelength of 6.8 nm 

The FEL is tunable radiation source, and there is a simple deal to go over to different wavelength, for 
instance, to the next target wavelength of 6.8 nm discussed in the NGL community. We restrict our 
study electron with energies of 1250 MeV and 2500 MeV, and use undulators optimized for generation 
of 13.5 nm radiation (see previous section). Tuning of the wavelength is performed by the increase 
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of the undulator gap from 12 mm to 18 mm. Magnetic field changes from 1 T to 0.7 T. Evolution 
of the energy in the radiation pulse is shown in Fig. [6l Comparison of the pulse energies at 6.8 nm 
and 13.5 nm shows reduction of the pulse energy when going to shorter wavelength. Partially this 
reduction relates to nonoptimal undulator: period length has been optimized for 13.5 nm. Another 
factor is reduction of the FEL gain and FEL efficiency due to shorterning of the wavelength. FEL 
elefficiency can be increased with the reduction of the electron beam emittance. Curves 2 and 4 in 
Fig.[6]show gain curves of the SASE FEL driven by the electron beam with normalized emittance of 1 
mm-mrad. Output power in the case becomes to be comparabable with the case of the wavelength 13.5 
nm and e n = 1.5 mm-mrad. Recent developments of the laser driven rf gun demonstrated feasibility 
for generation of the beams with rms normalized emittance well below 1 mm-mrad. 36 Thus, we can 
conclude that it is technically feasible to produce 2 kW level of the average radiation power at the 
wavelength of 6.8 nm. It is important that the same hardware (accelerator and undulator) is used for 
production of the radiation with wavelength of 13.5 nm and 6.8 nm. Key parameters of the radiation: 

Table 3. Parameters of FLASH-NGL radiation source operating at 6.8 nm 



Electron energy, MeV 


1250 


1250 


2500 


2500 


Bunch charge, nC 


1 


1 


1 


1 


Peak current, A 


2500 


2500 


2500 


2500 


Normalized emittance, mm-mrad 


1.5 


1 


1.5 


1 


rms energy spread, MeV 


0.5 


0.5 


0.5 


0.5 


Macropulse duration, ms 


0.8 


0.8 


0.8 


0.8 


Micropulse rep. rate, MHz 


10 


10 


10 


10 


# pulses in macropulse 


8000 


8000 


8000 


8000 


Macropulse rep. rate, Hz 


10 


10 


10 


10 


Undulator period, cm 


3.7 


3.7 


5.0 


5.0 


Undulator length, m 


30 


30 


30 


30 


Radiation wavelength, nm 


6.8 


6.8 


6.8 


6.8 


FWHM spectrum bandwidth, % 


0.7 


0.7 


0.7 


0.7 


Energy in the radiation pulse, mJ 


11 


16 


20 


28 


Peak power, GW 


44 


64 


80 


110 


FWHM pulse duration, fs 


250 


250 


250 


250 


FWHM spot size, mm 


0.11 


0.12 


0.09 


0.08 


FWHM angular divergence, /xrad 


35 


38 


41 


41 


Average radiation power, W 


880 


1280 


1600 


2240 
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Figure 7. Temporal (left) and spectral (right) structure of the radiation pulse. The FEL operates at a wavelength 
6.8 nm. The electron energy is equal to 1250 MeV. Normalized emittance is 1 mm-mrad (see TableO. 




Figure 8. Distribution of the radiation intensity in the near and far zone (left and right plot, respectively). 
FEL operates at the wavelength 6.8 nm. Energy of electrons is equal to 1250 MeV. Normalized emittance is 1 
mm-mrad (see Table [3]). 



temporal and spectral structure of the radiation pulse, intensity distribution of the radiation (see Figs. [7] 
and© do not differ much from characteristics of the source tuned to 13.5 nm (see Figs. 0] and [5]). 



7. DISCUSSION 

Up to now two technologies for the light source are developed by industry: laser produced plasma 
(LPP), and discharge produced plasma (DPP). 1 2 Serious obstacle on the way to a HVM source is the 
small efficiency of these sources which requires deposition of huge power in a small volume. Another 
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Figure 9. Integration of an FEL-based NGL source in the factory using an approach of "single source" - "mul- 
tiple tools". 



problem is the mitigation of the plasma debris required for the protection of EUV optics. An FEL 
based radiation source has evident advantages. The process of light generation takes place in vacuum, 
and there is no problem to utilize the spent electron beam (remove unused power). The problem of 
debris mitigation does not exists at all. There is no collector problem since the radiation is produced 
in the diffraction limited volume, and there is no problem with the transport of the radiation to the 
exposure tool. 

Laser and plasma radiation sources may operate only at a limited set of discrete wavelengths. Each 
dedicated source operates at a fixed wavelength only. With a SASE FEL driven by 1 - 2 GeV electron 
beam, the available wavelength range can span from about 100 nm down to a few nanometers. This 
feature can be helpful for instance, for optimization of a photoresist. It is important that the same 
hardware (accelerator and undulator) can be used for production of tunable powerful radiation as we 
demonstrated in our paper. Average power of this "clean" EUV radiation is in the range of a few 
kilowatts, an order of magnitude above present requirements for a HVM source. Thus, one FEL set up 
can replace a dozen of plasma sources. Currently microelectronic industry uses an approach of a single 
source for a single tool (stepper). In the case of using a powerful FEL as the source we can modify this 
approach to a single source for multiple tools. We can discuss, for instance, transport of the photon 
beam to different tools allowing their quasi-simultaneous operation^ 51 * 52 ! (see Fig. [9]). Another option 
which is under discussion is generation of the radiation in several undulators quasi-simultaneously.^ 

The parameter space considered in this conceptual study does not deviate much from project pa- 
rameters of FLASH/TESLA technology. Main idea was the demonstration of the capabilities of this 
technology to produce multi-kW level of output radiation power and show that properties of the radi- 
ation meet requirements of the Next Generation Lithography. It is important that the described device 
can be constructed now without additional R&D using components developed for FLASH and Euro- 
pean XFEL. Definitely, there is a room for further optimization of the source. This can be essential 
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subject for joint collaboration between R&D departments of microelectronic industry and developers 
of accelerator and FEL techniques. For instance, it is rather easy to increase average output power of 
the source by means of increasing the length of macropulse and corresponding reduction of the repe- 
tition rate. Alternatively, macropulse repetition rate can be increased for the price of reduction of the 
output power. This kind of considerations has been already analyzed in the framework of the European 
XFEL projectP 

Within long term of FLASH/TESLA technology development we can discuss extensions towards 
increase of duty factor up to cw mode of operation. This activity is also performed in the framework 
of TESLA Technical Collaboration. One of the problems to be solved is that of high duty cycle or cw 
injectors generating low emittance beamsJ^S The necessary replacement of klystrons by Inductive 
Output Tubes (IOT) seems to be possible. 55 When the injector technology becomes available, the FEL 
based radiation source can operate in cw mode. Application of energy recovery will allow to go over 
to higher output radiation powers. 
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